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CHAPTER - I 
L I T E R A T J R E R E V I E W 
1. INTRQDXTION : 
Copper is th« most widely used alloying element in 
Powder Metallurgy (P/M) iron and steels. The second most 
widely used alloying element in ferrous P/M alloys is nickel. 
The use of molybdenum in ferrous P/M is limited due to its 
higher cost and grain growth effect (1). 
Copper and Nickel are well known stabilizers of austenite 
in iron while molybdenum is a ferrite stabilizer of iron (2). 
It is also known that Ni is more effective austenite stabilizer 
in iron than that Cu is. When porous bodies are sintered at 
usual sintering temperatures of 110J - 120Q^C» copper melts at 
1033^C and gives rise to liquid phase whose melting point is 
raised further to peritretlc temperature, 1094°C by iron 
dissolution in copper (4 at -A Fe). This liquid phase gives 
rise to swelling effect by following ways (3-8). 
i). Penetration of the melt between iron particles as 
well as between grain boundaries. 
ii). Diffusion of copper into the iron particles (Mainly 
in Y since the solubility of copper in a is insignificant) as 
well as into grains along the grain boundaries. 
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Nickel, i f added in amounts of more than l/.p austenite 
i s stable from 840 to 1450''c. Thus, unlike copper, Ni does 
not give r i se to l iquid phase. The d i f fus iv i ty of Ni in iron 
i s low. 
Molybdenum, although does not jive r i se to liquid phase, 
i s a f err i t e s t a b i l i z e r and d i f fus iv i ty of the elements in 
ferrite i s about two orders of magnitude higher than that in 
austenite at s imilar temperatures. Thus, the interdiffusion 
studies in Fe-Cu, Fe-Ni and Fe-Mo becomes imp>ortant. 
1.2 DIFFUSION OF COPPER i 
There are considerable work reported on the diffusion 
of copper in iron and vice-versa. Kuczynski and Alexander (3) 
have reported that at 1135^0, copper dif fuses fas ter along 
the surfaces of iron than into the volume and that copper i s 
responsible for small grain s i z e . Linder and Kamik (4) 
determined the diffusion of Cu in iron in temperature range 
800-1200®C and found that Do » 3 x 10 m /See with an 
activation energy of 255.2 iC7/Mole. I t was observed by vValter 
and Nowicki (5 , 6) that the diffusion coe f f i c i ent of copper in 
iron was aoout lOyi higher than the se l f diffusion coe f f i c i en t , 
and l ike the se l f diffusion coe f f i c i en t , i t drops by at l eas t 
two orders of magnitude on going from a to Y iron at temperature 
range of 867 to 1363°C. Golikov and Lazarev (7) observed that 
concentration of Cu atoms at grain boundary was lower in iron 
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than In Fe-Mo alloys as molybedenum i s a fevr i te s t a b i l i s e r . 
Lazarev and oollkov (3 , 9) have determined the diffusion of 
copper In Iron In the temperature range of 910-10S0°C and 
found 5 Do = 3 X lO"^^ m^  Sec. with Q values of 177.8 KJ/Mole-
Rolls and Baddek (10) found that copper diffused a greater 
distance from the interface in the low carbon s t ee l compared 
with high carbon stee l* This e f fec t was attributed to the 
reduction of so lub i l i ty of copper and possibly raising the 
acvitation energy for volume diffusion by carbon. Majima et al 
(11) determined the l a t t i c e and grain boundary diffusion of 
copper in y-lron in the temperature range 1105-1210°C and 
found that their results are in agreement with the e a r l i e r 
results (4 , 5 ) . 
i»3 DIFFUSION OF NICKEL t 
Diffusion of Nl In y-iron has been measured by Wells 
and Mehl (12) . I t was observed (13) that the rate of nickel 
diffusion in austenlte was increased by increasing the carbon 
concentration from 0 .3 to 0.6;^. I t has been reported (3) that 
nickel diffused along the surface of iron more rapidly than 
into the volume. In some but not a l l cases , the nickel diffused 
preferential ly along a grain boundary. There are a number of 
published works on the diffusion of Ni in iron (14-20) . 
Studies on interdiffusion of iron and nickel in iron-nickel 
alloys have been reported elsewhere (21 ,22) . Thummler and 
Thoosna (23) have observed that diffusion coef f ic ient of both 
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iron and Ni in F© upto 5/. Ni alloy increase with increasing 
Ni concentration in the temperature range of 1100-1300®C. 
Wanin and Kohn (23) also observed similar behaviour and foiind 
that Up^^ D^^ at 1200°C and intr ins ic d i f f u s i v i t i e s of both 
11 2 Fe and Ni were in the range of 8 x 10 cm /Sec . 
1.4 DIFFUSION OF MOLYBDENUM : 
Seebold and Birks (25) studied the elevated temperature 
diffusion in Fe-Mo and found the formation of one compound 
M02 Fe3 at llOO^C. Krishtal and Mokrov (26) observed that Ho 
diffusion in a~iron i s more rapid. They have determined the 
diffusion coef f ic ient of Mo in a and Y-i^ron. Mueller (27) has 
determined the diffusion coef f ic iant of Mo in o and y-iron at 
1200 and 1450*^0 and found very high diffusion coef f i c i ent of 
—10 2 —13 2 
1.2 X 10 Cffl /Sec . as compared to 5.5 x 10 cm /Sec . in 
Y-lron at 1200°C, German and Munir (28) have given a hetro-
diffusion model for the activated sintering of Mo. 
There are certain reported works (29) on the influence 
of a third element in the case of diffusion in metals. Zummer 
and Sire a (30) interdiffused Cu containing small amounts of 
P (upto 1.2^) and iron at temperatures upto 1100*^0, I t was 
observed (31) that P minimised the amount of Cu di f fus ion . 
Sirca (32) studied the influence of a forming elements on the 
diffusion of copper into y-iron and found that d i f f u s i v i t y 
of Cu and/or Fe in a-iron i s more than that in y-^^^"* Nohara 
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and Hiramo (33) determined Impurity d i f fus ion of Ato in pure 
Fe at 710-1300°C and se l f d i f fus ion of Fe and Mo in Fe-Mo 
al loys a t 100Q-1300®C (Fe^^ and Mo^^). i t was ooserved tha t 
a minimu;n diffusion coe f f i c i en t and corresponding to t h i s a 
maximum ac t iva t ion energy and a frequency f ac to r in T. phase 
r e s u l t . I t was fu r ther found tha t se l f diffusion D decreased 
from 5 X 10 to 1 x 10 cm /Sec . range when Mo content was 
increased from 1-4 wt. 'A, Also P^ was higher than Dp^ in 
0-4 wt. >^  Mo range. 
There are l imited reported works (34-36) on the diffusion 
in porous a l l o y s . Chari (35) has s tudied the diffusion 
behaviour in porous so l id s in te red i r o n . Khudo-Kermov (36) 
s tudied the diffusion of 63 Ni ajid 51 Cr in Carbonyl iron 
of 75'A t h e o r e t i c a l dens i ty compacted at 5T/cm and in so l id 
Armco i r o n . I t was observed tha t n ickel d i s t r i b u t i o n was not 
uniform, itfith increas ing depth, the boundary diffusion became 
dominant over the i n t e r c r y s t a l i i n e one. Accummulation of Ni 
a t grain boundary was s p e c i a l l y pronounced in Azmco I ron . I t 
was fu r the r observed t h a t in powder compact, the d i f fus ion 
was f a s t and diffusion coe f f i c i en t h igher . For example, a t 
1150®C, DQ a 4.78 X 10"" cm /Sec . in powder compact while 
D^ =i 6.02 X 10* cm /Sec . in Armco I ron . Activation energy 
QQ = 39.3 Kcal/mole in carbonyl i r o n . 
Q^^ » 35.0 Kcal/mole, 
as compared to 72.0 and 48.0 for Cr and Ni r e spec t i ve ly . 
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I t has been concluded (37) t ha t the values of diffusion 
coe f f i c i en t s in powder objects depend g r e a t l y on the condi t ion 
of powders and usual ly d r a s t i c a l l y d i f f e r from diffusion 
coe f f i c i en t s of cas t inetals« I t leaves no grounds for observing 
the r e l a t i o n s h i p between t h e i r absolute values and s in t e r ing 
i n t e n s i t y of a l l o y s . S in ter ing depends upon ( i ) concentra t ion 
dependance of dif fusion coe f f i c i en t s for the two component 
system and ( i i ) shrinkage depends upon a l loy s t r u c t u r e which 
Is formed at the given compound concen t ra t ion . 
Concentration dependance of dif fusion parameters determine 
the concentrat ion dependance of shrinkage (38 ) . I t was observed 
tha t during s in t e r i ng of the Fe-Nl powders, su f f i c i en t c o r r e l a -
t ion could be observed among the concent ra t ion dependance of 
diffusion ac t iva t ion energy of Fe and Ni. 
1.5 SCOPE OF PaflSENT STUDIES s 
From what has been said above, i t i s obvious t h a t 
diffusion s tud ies in porous bodies i s a must in order to 
understand the s i n t e r i ng mechanism more c l e a r l y and to 
p red i c t the p r o p e r t i e s . 
As already pointed ou t , the three most commonly used 
al loying elements in ferrous s in te red a l loys are Cu, Ni and 
Mo. Thus b ime ta l l i c couples of Fe->Cu, Fe^^Ni and Fe-Mo have 
been made under the same compaction condi t ions as those used 
during P/M processes . Fur ther , i t has already been pointed 
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out t h a t a th i rd element influences the diffusion coe f f i c i en t 
in a numiser of ways. For e x w p l e , a**f3r:ninsgi elements increase 
the diffusion coe f f i c i en t (30-32) , Atolybdenum i t s e l f i s an 
a-forminj element ( 2 ) , Phosphorus i s another well known a. 
s t a b l i z e r of i ron (39 ) . 
Apart from t h i s , phosphorus containing iron and s t o e l s 
have p o t e n t i a l appl ica t ions for s t r u c t u r a l and magnetic 
appl ica t ions due to unusual combination of s t reng th and d u c t i l i t y 
(40-43) . Thus b ime ta l l i c couples of phosphorus containing iron 
(Fe-0.3/ . P and Fe-0.6/^ P) with Cu, Ni o r ;iAo have also been 
s tud ied . 
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CHAPTER - I I 
E X P E R I M E N T A L P R O C E P a R E S 
Raw mater ia l s used in the present i n v e s t i g a t i o n are as fo l lows: 
2 . 1 IBfON POw-PgR ; 
NC 10J,24 grade sponge Iron powder of the fo l lowing 
c h a r a c t e r i s t i c s were used : 
Carbon Content - 0 ,01 'A 
Si O2 - 0 . 2 2 -A 
H2 l o s s - 0 .20 >i 
Apparent dens i ty - 2 . 4 Mg/m 
Flow rate (Hall flowmeter) > 31 s e c / 5 0 gras. 
Compress ib i l i ty - 6 . 4 Mg/m at 420 MPa. 
P a r t i c l e s i z e + 100 mesh - 0 . 5 A approx. 
- 325 mesh - 21.5;^ approx. 
2 .2 P - CONTAINING IRON POmER i 
PNC 30 and PNC 60, the standard grades of Hogonas A3, 
Sweden was used for 0»3-A and 0.6>^ P-containing iron powder. 
C h a r a c t e r i s t i c s are : 
Carbon content - 0 . 0 1 /» 
Hg Loss - 0 . 2 0 'A 
Si O2 - 0 . 1 6 /. 
Apparent d e n s i t y - 2 . 6 Mg/m 
Compress ib i l i ty - 6 , 4 Mg/m^ at 420 jvlPa. 
P a r t i c l e s i z e + 100 mesh - i A 
- 325 mesh " 20 A 
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2.3 COPPEH PQ'v'iPEA t 
Reduced copper powder of the following! characteristics 
was used : 
Copper content 
H2 Loss 
Apparent density 
Flow rate 
(Hall flowmeter) 
P a r t i c l e s i z e 
99 .5 /. 
0.11?C 
2 .25 f^/m^ 
26 8ec /50 gms. 
••- 40 mesh-traces 
+ 60 mesh-20 -A 
+ 80 mesh-36.0*/. 
+100 mesh-30;< 
+150 mesh-14;< 
2 . 4 NICKEL PQWDEA t 
Cait)onyl n i c k e l powder of the fo l lowing c h a r a c t e r i s t i c s 
was used t 
0.266/. 
0.186/. 
0.002/ . 
0,009/. 
O.OIT/ 
0.002/ . 
1.8 A^ /ra^  
+ 325 mesh - 2.7/. 
- 325 mesh -97.3/. 
" 2 
Co 
Cu 
Fe 
S 
S i 
Lo 
Oo 
ss 
Apparent density 
Particle size 
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2.5 i^ OLYaPENUM POWDER t 
Fine molybdenum powder obtained from 
Metallwerk Planaee* Austria of particle size 4-6 
micron meter was used. 
2.6 PREPAaATXON OF BIMETALLIC COUPLES i 
In a l l cases* iron or P~containing i ron powder was poured 
in the d ie and the powder was l eve l l ed so t h a t powders do not 
remain stuck on the w a l l s . Then s l i g h t p r e s su re , 50 jr 10 MPa 
was applied and the load was removed. After t h i s Cu, Ni o r Mo 
powder was poured in to the die and f u l l con^action load was 
applied. For the case of Cu-Fe or Cu-PNC 30 and Cu-PNC 60 
couples> compaction pressure was 589 MPB while for o ther couples, 
compaction pressure was 691 MPa. Compression machine used was 
of 100 tons capaci ty and the d ie was made of high chromium 
high carbon s t e e l . The die was cleaned with acetone a f t e r each 
compaction. Figure 2 .1 shows the dimensionsy design of the 
die and couples . Rate of loading was low i . e . 100 /viPa/min. 
The b ime ta l l i c couples were heated in a g lobar tubular furnace 
with a temperature con t ro l of ± lO^C. I n i t i a l l y , the furnace 
tube was purged with n i t rogen for about 10 minutes and the 
hydrogen was allowed to flow at a r a t e of 10 cc/min. The 
hydrogen gas used was allowed to pass through beds of anhydrous 
calcium ch lo r ide , phosphorus pentaoxide and high p a r i t y copper 
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F i g . 2 , 1 , 2 . 2 , 2 .3 
Annealed sample made In 
two pa r t s for metal lographic 
and F:P/viA examinations. 
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turnings (99.99?i pur i ty ) maintained a t 500°C ins ide a quartz 
tube in another furnace and f i n a l l y through beds of g lass wool. 
The dew point of hydrogen gas a t the i n l e t to the diffusion 
furnace was measured with the help of Moisture meter and was 
found to be 233 + 5K, The average heating r a t e was 20**C/min 
upto 600®C, 16®C/mln upto SOO^C, 10®C/min upto the diffusion 
temperature . Copper containing b ime ta l l i c couples were heated 
to lOOO^C and held at t h a t temperature for 4 hours while o the r 
couples were heated to 1200 C and soaked at tha t temperature 
for 1 hour. This temperature schedule has been chosen because 
m, p . of Copper i s 1083®C while t h a t of Nickel and j^lybdenund 
are 1451®C and 2610®C respect ively* Fur ther , the s i n t e r i n g 
temperature and time normally used for Cu, Ni and/or Mo containing 
iron and s t e e l s are genera l ly 1100-1300*^C and 1/2 to 1 hour 
r e s p e c t i v e l y . Thus the r e s u l t s can be d i r e c t l y cor re la ted with 
the s in t e red p roper t i es of such m a t e r i a l s . The temperature 
used for Cu-contalning ferrous a l loys are also 1100-1200°C but 
since on one s ide of couple there i s pure copper, which melts 
a t 10d3^C, hence lower dif fusion temperature can be compensated 
by longer diffusion t ime. 
The specimens were cooled from the diffusion temperature 
a t an average cooling r a t e of 16®C/min under hydrogen atmos-
phere , When the furnace temperature was lOO^C, hydrogen flow 
was stopped. 
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The specimens were withdrawn from the furnace and 
weighed. The speclaiens were cut into two halves as shown in 
f igure 2 . 2 . One half of the specimen was {netal lo^raphical ly 
examined while the oth«r half was studied with e lec t ron 
microprobe* 
2.7 MXCflQST.iUCTURAL EXAMINATION t 
Porous specimens are among the most d i f f i c u l t ones to 
prepare for microscopic exeHslnation. Often the pores are 
deformed and the morphology of the pores change. The surface 
of the specimen should be f l a t to r e t a i n any mozphological 
feature t ha t may e x i s t and also reveal the c l e a r , t rue micro-
s t ruc tu r e of the pores and s o l i d . Since the composition on 
the two s ides of the couple are d i f f e r e n t , sp>eclal precaut ions 
have to be taken to get smooth su r face . They were mounted in 
commercl.4ll cold s e t t i n g mount KX30A and ground on emery papers 
s t a r t i n g from I/O grade to 4/0 grade. Then they were polished 
on Censico pol ishing machine using shor t napped sy lve t c lo th 
to avoid r e l i e f . The machine had a speed of 400 rpm. Polishing 
was done using 1 micron Alumina powder suspension in d i s t i l l e d 
water . F ina l pol ishing was done using 0 .5 micron aluoiina 
powder on the same machine using wheel speed of 250 rpra. Copper 
containing specimens were among the most d i f f i c u l t ones to 
prepare because some free copper from the edge on copper s ide 
of the couple ge ts smeared and gets stuck on the iron s ide 
of the couple . This copper f i l l s the pores and has to be 
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removed by u l t r a son ic c l ean ing . This s i t u a t i o n was found in 
case of /tto-containing couples also in which case iron got 
smeared on the Mo^side of the couple . In case of Fe-Ni and 
Fe->P~Ni couples , smearing was minimum because of comparable 
hardness of n ickel and i r o n . All the specinfiens were etched 
in 1/. n i t a l . 
2 .8 [ILECraON PrtOaE MICROANALYSIS : 
Electron probe microanalysis of b ime ta l l i c couples wero 
made at energy of 20 Kev v/ith a beam cur ren t of 100 nA on 
Canebax, Cameca Electron probe micro ana lyser . For phorphorus 
concentrat ion p r o f i l e s , LiF c r y s t a l s using Argon plus methane 
gas flow de tec to r s were used while for o ther metals concen-
t r a t i o n s p ro f i l e PET using same gas flow de tec to r s were used. 
3eam s i ze was l ess than 1 [i m and a l l the samples were scanned 
at 10 nm/min, Xray i n t e n s i t y p r o f i l e s versus d is tance scanned 
were obtained using standard respect ive rad ia t ion for d i f f e r e n t 
samples. 
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CHAPTEa - i l l 
E X P E H I M S N T A L R E S J L T S 
Various b i ineta l i ic couples vjere cut Into two ha lves . 
One half of the conipact was analysed by Hlectron proble 
Microanalysis» while o ther half was meta l lographica i ly examined 
at the junct ion by etching in 2-A N i t a l . 
3»i lrtQN~COP?£fi SYSim i 
t f f e c t i v e diffusion d i s tance in iron-copper couole i s 
found to be approximately 8 micron meter (F i jure 3 .1a ) . 
Diffusion of i ron in copper i s s l i g h t l y f a s t e r than tha t of 
copper in i r o n . vVhen 0,6 wt. /* phosphorus was added to i ron , 
the di f fus ion zone sh i f ted to the l e f t i nd ica t ing tha t d i f f j s i v i t / 
of iron atoms i s enhanced. The pene t ra t ion Cdiffusionj of 
phosphorus from iron side to copper s ide i s much f a s t e r and 
deeper as compared to t ha t of iron or copper (Figure 3 .1b) . 
iviicrostructural observation (F i jure 3,5a) shows tha t iron p a r t i c l e 
move ins ide the boundary of copper s i d e . Pores are non-uniform 
and often at tho grain boundary. Some of the pores ?ire I so la tpc 
while majort|(y of the pores are interconnected i . e . in the form 
of channels , <Vhen phosphorus was added to i ron , pores are 
spheroidized and proportion of i so la ted pores increase (F igar -
3 ,5b) . This fac t i s more evident when micros t ructuros of grean 
p e l l e t s of iron and i ron -0 ,6 wt./i phosphorus povvaer are s tudied 
in etched condi t ion , iVhile boundaries are already formed 
19 
(Figure 3 ,6 ) , there Is hardly any dif ference between micro-
s t r u c t u r e s of phosphorus containing iron and phosphorus free 
iron powder compacts compacted at s i n i l a r pressing p res su re , 
^hen same compacts are s in te red at l2oJ^C for 1 hour unaer 
simiXar condi t ions of reducing atmosphere, spheroidized and 
i so la t ed pores r e s u l t (Figure 3,7) in case of Fe-o.6 wt. 'A p 
compact. The micres t ruc ture cons i s t s of large and uniform 
gra ins with sharp and well d i f f ined gra in boundaries and s ingle 
phase f e r r i t i c s t r uc tu r e i s observed (Figure 3 , 7 ) . Electron 
image of Fe-0.6 P-4 Cu compact s in te red at 1100°C for 1 hour in 
hydrogen atmosphere shows uniform d i s t r i b u t i o n of phosphorus 
with free copper p a r t i c l e s (Figure 3 , 3 ) , which has s o l i d i f i e d 
a f t e r l iqu id phase s i n t e r i n g mechanism. 
3,2 XHQN NlC/vEL SYSTEM ; 
in case of i ron-n icke l system, dif fusion d is tance i s 
much l a rge r i . e . of the order 10-12 micron meter (Figure 3 .2a ) . 
Penet ra t ion of i ron towards n icke l s ide i s deeper as compared 
to th >t of n icke l towards i ron s i d e . Fur ther , concentra t ion 
p ro f i l e of n ickel I s more s teep as compared to t ha t of iron 
(Figure 3 , 2 a ) . When phosphorus was added to i ron , di f fusion 
d is tance for iron Increases and iron pene t ra tes much deeper 
towards n icke l side (Figure 3 .2b) . Phosphorus diffusion seems 
to be much f a s t e r than tha t of iron or n i cke l s imi l a r to the 
case of Fe-P-Cu couple (Figure 3.1b and 3 ,2b) . In f ac t , 
concentrat ion of n icke l on n ickel s ide i n i t i a l l y increases 
and then sharply d i sc reases to zero value a f te r t r a v e l l i n g . 
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f o r about 3 micron meter towards i r on s i d e , doth i ron and 
n i c k e l appear to have p e n e t r a t e d i n t o each o t h e r (F igure 3 , 9 a ) . 
i n t e r p e n e t r a t i o n from each s i d e appears to have i n c r e a s e d when 
phosphorus was added i n t o i r o n (F igure 3 , 9 b ) , When phosphorus 
c o n t e n t was i n c r e a s e d from 0 , 3 to 0 , 6 wt / i , the n a t u r e of the 
curve ranjains q u a l i t a t i v e l y same excep t t h a t the smoothness of 
phosphorus and i r on c o n c e n t r a t i o n p r o f i l e s improve ( F i j u r e 3 , 3 o ) . 
3 .3 IftON-iv^LYaPr.NUM SYSTEM ; 
In c55e of iron-molybdenum sys tem, e f f e c t i v e d i f f u s i o n 
d i s t a n c e i s l a r g e r than t h a t i n e i t h e r i r o n - c o p p e r o r i r o n -
n i c k e l system (F igure 3 , 4 a ) . /itolybdenuci p e n e t r a t e s to much 
l a r g e r d i s t a n c e towards i r o n s i d e . The t r end i s c o n t r a r y to 
the behav iour observed in case of i r o n - c o p p e r o r i ron n i c k e l 
couple in which c a s e i r o n d i f f u s i o n was much deeper (F igu re 
3 ,1a and 3 , 2 a ) , Molybdenum c o n c e n t r a t i o n i s found even upto 
the end of i r o n s i d e ( F i g u r e 3 . 4 a ) , »Vhen 0 , 3 wt /• phosphorus 
was adced to i r o n , the diffusion j u n c t i o n s h i f t s to r i j h t i . e . 
i r o n s i d e bu t phosphorus hos jumped i n t o the j u n c t i o n (F igu re 
3,4b) and has c ro s sed over tovvards molybdenum s i d e , C o n c e n t m t i o n 
of phosphorus towards molybdenum s i c e i s more than t h a t on i t s 
own s i d e i . e , i r on s i d e . M i c r o s t r u e t u r a l o b s e r v a t i o n shows t h a t 
molyodenum d i f f u s i o n towards i r on s i c e i s more (Figure 3 , 1 0 a ) . 
Gra ins on i r on s i d e arc non-uniform b u t l a r g e and g r a i n 
bounda r i e s ar^ ^ d i f f u s e , iihen 0 , 3 wt./4 phosphorus was added to 
i r o n , the j u n c t i o n appears t o have i n c r e a s e d (F igure 3,10b) 
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In width and jumping of phosphorus into the boundary is 
evident (Figure 3,10b). Grains are relatively more uniform 
and grain boundaries more well defined, i/hen phosphorus 
content was increased from Q«3 to 0.6 wt /i, interdiffusion 
has still increased and well defined polyjonal grains are 
evident (Figure 3,10c) with lesser out more rounded pores. 
In all the above bimetallic couples, concentration 
profiles of phosphorus were found to be rejular and smooth 
(Figure 3.1b, 3.2b, 3.3b and 3.4c). Calorometric methoc 
of analysis for phosphorus showed negligible loss of 
phosphorus from iron-phosphorus alloy under similar 
conditions of sintering as has been used for annealing 
exoeriments. 
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FIGURE CAPTIONS 
Figure 3^1 : 
Concentration p ro f i l e s for (a) Fe-Cu and (b) PNC60-Cu 
couples annealed at 1000°C fo r 4 hours in dry hydrogen 
atmosphere. Couples shade at 539 MPa p re s su re . 
Concentration p ro f i l e s for (a) Fe-Ni and (b) PNC30-Ni 
couples annealed at 1200*'c for 1 hoar in dry hydrogen atmosphere. 
Couples made at 691 f4Pa p res su re . 
Figure 3.3 : 
Concentration p ro f i l e s for (a) Fe-Ni and (b) PNC60-Ni 
couples annealed at 1200^C for 1 hour in dry hydrogen atmosphere. 
Couples made at 691 MPa p ressu re . 
Figure 3.4 : 
Concentration p ro f i l e s for (a) Fe-Mo and (b) PNC30-Mo 
couples annealed at 1200^C for 1 hour in dry hydrogen atmosphere. 
Couples made at 691 ivlPa p re s su re . 
Figure 3^5 ; 
i4 icres t ructures of (a) Fe-Cu, (b) PNC30-Cu ano ( c ; PNC60-Ca 
couples at diffusion zone annealed at 10X)"^ C for 4 hours in dry 
hydrogen at.nosphere. Couples made at 539 MPa p res su re . Mag « 20Jx, 
iNital e tched. 
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Figure 3.6 : 
Microstructures of green compacts (a) Fe-4Cu and (b) PNC&j-
4Cu compacted at =^ 39 MPa p r e s su re , Mag 200 x, N l t a l e tched. 
Figure 3.7 : 
l i e ros t ruc ture of PNC60 compact s in te red at 12Q0'^ C for 
i hour in dry hydrogen atmosphere. Compaction oressure : :)89 MPa 
Mag : 400 x, N i t a i atched. 
Figure 3.8 t 
Electron and X-ray isnaje of pr4C60-4Cu compacts s in te red 
at 1100°C for 1 hoar in dry hydrogen at^iosphere. Compaction 
pressure 539 iViPa. Mag s iOOOO x ( i ) Electron image ( i i ) Fe K 
( i l l ) Cu <^ ( iv) PK^ 
Figure 3.9 :. 
Micro s t ruc tu re s of (a^ Fe-Ni (b) PiJC 30-Ni ano (c ; PNC6J-. 
Nl couples a t di f fusion zone annealed at 120o''c for 1 hour in 
dry hydrogen atmosphere. Compaction pressure 691 MPa. Mag : 2j)x 
Nlta l e tched. 
Figure 3,10 t 
iviicrostructures of (a) Fe-Mo (b) PNC30-Mo and (c) PiN[C60-Mo 
couples a t diffusion zone annealed at 12Q0*^ C for 1 hour in dry 
hydro jen ataiosphere. Compaction pressure 691 /APa. Mag : 200x, 
Ni ta l etchod. 
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27 
FLQ.3-sa.; F e - c a Couple 
MQQ:20ox^NLtQL etcl?ec3. 
28 
PLC|. 3-5 t : PNC 3 0 - C i i Couple 
MQ^: 20O^^NLtal etched, 
» . » 
.t 
^^'•'Kr-.r *:uT!\- \i4'-'- -^  
Fca. 3 - 5 C : P N C 6 0 - Cu Couple 
Mafl." aooXjNttat e tched . 
29 
30 
Fccj.3"Ga: F e - 4 c a compact , Green 
Mao; aoox^Nt taL etched, 
31 
FLQ. 3>6b: PNC 6 0 - 4 c u Compact Green 
MQQ: 2 0 0 X ^ NLtaL etched. 
32 
' " • • ' ' • ' q i & / t : -^^ - • • ^ ^ * ••••• 
PLQ. 3 '7 : PNC GO S i n t e r e d compac t , 
Maq:400X, Nt taL etc'hec3 
33 
PLQ. 3-8 0 ) E l e c t r o n LTnoae 0J^ 
PNC GO- 4 Cu Sintered compoct 
E j " lo^oooyli 
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*>•. 
F i^ . 3-8 C'i) FeKoc, 
35 
Fta. 3-8 ( l i i ) CuKp< 
36 
F l q . 3-8 ( iv ) PK=< 
37 
iT^ 
••ir 
, I 
FLQ. 3 ' 9 a : P e - N L CoupLe 
MQQ: 20ox^NLtQL etc l iec3. 
38 
I Fi,g. 3-9 b: PNC 30 - Nt- CoupLe Maa: zoox^ NctaL e t c l i e i 
39 
FcQ. 3-9c: PNC GO-Ni CoupLe 
MQQ; 2 0 O X ^ N t taL etched. 
40 
FLO. 3-/0d: Te - Mo Couple 
Mao; ZOOx^NLtaL etcTied. 
41 
FLQ. 3 ' | 0 b: PNC 30- Mo CoupLe 
Mao: 200X^NLtaL e t c T i e d . 
42 
PLQ; 3 - I O C ; PNC 6 0 - Mo Couple^ Mao:200X 
N t t a L e t c h e d . 
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10 to 30 
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CHAPTER - IV 
D X 3 C U S S I Q N Q F a E 3 ' J L T 3 
^•^ CALCJLATIQN QF DiFPJSiQii COEFFICIENT : 
The d i f f u s i o n c o e f f i c i e n t , D f o r a g iven compos i t ion 
can va ry wi th t i m e , ov^ i^ng t o changes in t e m p e r a t u r e , i t can 
a l so change with c o n p o s i t i o n C and s i n c e t h e r e i s a c o n c e n t r a -
t i o n g r a d i e n t , t h i s means t h a t D changes wi th p o s i t i o n » x 
along the sample . In t h i s l a t t e r c a s e , D = D ( x ) , and tho 
w e l l known P i c k ' s second law becomes 
5 c d d c 
d t a X a x 
a D d c d^ c 
« + D . . . ( I ) 
d X d X d X 
whera t i s t i m e . 
This equa t ion aliov/s - ( c ^ to ^e c a l c u l a t e d from an exper i .nen ta i 
C(x) p l o t . I f t he i n i t i a l c o n d i t i o n s can be d e s c r i b e d in terms 
of the one v a r i a b l e T) = ? , C the c o n c e n t r a t i o n i s a 
t ^ / 2 
func t ion only of TI and e q u a t i o n (1) can be t ransformea i n t o an 
o r d i n a r y hooiogenous d i f f e r e n t t i l e q u a t i o n . Using the d e f i n i t i o n 
of r\ and wi th l i t t l e b i t of a l g e b r a one g e t s 
X dc d D dc 
2t ^^2 ^^ - ^^ ""^UT. ^^ 
1 d dc 
t dTi dTi 
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-T) dc d dc 
or — — « — (D — ) . . . ( i ) 
2 dr\ dr\ drj 
The transformation of (1) Into (2) has been given by tioltzman(44) 
The method was f i r s t used to determine D ( c ) by Motano v45) . 
Consider t h e d i f f a s i o n couple used in the present 
i n v e s t i g a t i o n . 
C a CQ f o r X < 0 , at t = 0 
C » 0 f o r X > 0 , at t » 0 
Since X = 0 i s excluded at t = 0 and the o r i g i n a l 
concentrat ion i s not a funct ion of d i s t a n c e aside from the 
d i s c o n t i n u i t y at x » 0 , the i n i t i a l cond i t ions can be expressed 
in terms of TJ only as 
C » CQ at TJ = - a 
C = 0 at T| » a 
Equation (2) conta ins only t o t a l d i f f e r e n t i a l s , we can cancel 
j r from each s ide and in tegra te between 0 = 0 and C = C where 
C i s any concentrat ion 0 < C* < CQ 
C « C^ dc C = C^ 
- 1/2 / Tjdc « (D — ) 
C • 0 dT) C a 0 
The data on C(x) p l o t are always at some f ixed time so that 
s u b s t i t u t i n g f o r r\ g i v e s 
C dc C 3B C 
- 1/2 / xdc » Dt ( — ) 
0 dx C a 0 
dc 
=» i^t ( — J . . . . ( 3 ) 
dx C » C^ 
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The last quantity In equation (3) comes from the fact 
that in this infinite system f| = 0 at C = 0. 
From the addttionai fact that -^ = 0 at C = CQ, we have the 
condition 
Co 
r xdc = 0 ... (4) 
Q 
so t h a t equation (4) defines the plane at which x = 0 . vith 
t h i s d e f i n i t i o n of x, D(C ) can be obtained frora the graphicoi 
i n t eg ra t ion and d i f f e r e n t i a t i o n a t C(x) using thu^ equation 
, 1 dx C^ 
D (C^) = - . — ( — ) , / xdc . . . (5) 
2 t dx C-^  0 
deferr ing to Figure 3 . i to 3 .4 , concentra t ions Cp^, C^^, 
Cp, C».. C,. in var ious couples can be converted in terms of 
f r ac t ions which s h a l l be for example 0 , 1 , 0 . 2 , 0 .3 e t c . instear' 
of 10, 20, 30/i e t c . The .totano in te r face i s the plane at 
which dis tance x = 0 in equation ( 4 ) , Graphica l ly , i t i s the 
time tha t makes the two regions on e i t h e r s ide of junct ion 
equa l . The value of D at J = 0,2 C© have been ca lcula ted frosn 
each graph for a l l the ele,nents used and tabulated in taole 
I V , 1 , i t i s d i f f i c u l t to measure the area accurately and also 
the slope ( rec ip roca l of slope has been used in ca l cu la t ions ) 
and n a t u r a l l y l a r j e e r r o r s mi^ht have oeon in t roaucea . However, 
i t aives an idea aoout d i f fus ion coe f f i c i en t in s in te red porous 
sanpies . Time t used was 240 seconds in case of Fe-Cu and te, 
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P-Cu couples while in all othor cases it was 60 seconds. The 
diffusion coefficients obtained are for the temperatures usea 
in the experiments. No correction has oeen allowed for the 
time required during heatinj and cooling. However, heating 
and cooling cycles have been maintained constant anu comparison 
between the diffusion coefficients of varioJs elements in 
different p-orous alloy systems can be made. 
Table i\/.l. Diffusion Coefficient of various elements. 
Value of t 
2/; 
Diffusion Temperature Time Annealing j^^ vjoie 
OK Seconds atmosphere "^  ^ cm'^/^ec. Coefficient 
D Fe 
Cu 
'Fe 
Cu 
D 
D 
'Fe 
Fe 
'Ni 
Li P 
D Fe 
'Ni 
^Fe 
i«tO 
r e 
•so 
Dr 
1273 240 
I I 
I I 
t I 
1473X 60 
I I 
I I 
I I 
t I 
• I 
11 
1473 
I I 
11 
f I 
t I 
Fe-Cu 
• 1 
PNC60-Ca 
1 t 
• 1 
F e - N i 
» f 
PHC30-Ni 
1 1 
t f 
PNC60-Ni 
1 1 
• « 
Fe-Mo 
• 1 
PiJC3J-..o 
t • 
1 « 
8 
3 
2 
4 
3 
6 
5 
2 
6 
3 
2 , 
6 
4 
1 
5 
:i 
5 
X 10-12 
X 1 0 - " 
X 1 0 - " 
X 1 0 - " 
X 10"® 
X 1 0 - " 
X 1 0 - " 
.5x10-1=' 
X lO- l ' ^ 
X 10"® 
X 1 0 - 1 ° 
.5x10 ^^ 
X 1 0 ' ^ 
X 1 0 - ^ i 
X i:r^^ 
X 1 0 - ^ ^ 
X l a - i i 
X 1 0 - ^ 
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4,2 EFFECT QF PHOSPHORUS ON i ^ N ; 
From the phase diagran of iron-phosphorus system v i g ^ r ^ 
4 . 1 , re f .46) I t i s apparent t h a t phosphorus i s a f e r r i t e s t a b i l i z e r 
of i r o n . At a temperature of 1QX)-1200 C, about 0.2 to J.25> 
phosphorus d i sso lves in gamaia i ron , between 0.25 to 0.5/ . ohosphorus, 
both gamma and alpha i rons are s t ab le and if phosphorjs i s present 
in a<;:ounts of aiore than 0 .5^ , alpha phase i s s t a b l e . Thus, so l io 
s t a t e di f fus ion of phosphorus in to f e r r i t e w i l l s t a r t is the 
teroperature i s increased . However, the d i f f u s i v i t y of phospnorus 
i s high 10 cm /Sec . as compared to d i f f u s i v i t y of Nl <^,^^ ~ 
6 X 10"^^ cm^/3ec), Cu {L^^ = 1.5 x l o ' ^ ^ cm^/Sec) or Mo U,^Q = 
4 X 10~^^ Cm^/Sec), a l l at 1120°C homozenization and f e r r i t e 
o r aus ten i t e s t a b i l i z a t i o n is complete within f^w minutes at 
liXX)*'c. No l i jUid phase forms in Fe-Cu or Fe-P~Cu system at 
ICXJ ^^'c. e i t h e r due to phosphorus 6"r copper. 
'Vhen the b imeta l l i c coupl.^ con ta in in j phosphorus in iron 
reaches a temperature of 1050°C a liviuid ohase i s formed by 
the e u t e c t i c react ion Fe-,P + a—> L. The melt i s r ed i s t r i bu t ed 
by c a p i l l a r y forces thus providing a favourable s t a r t i n g condition 
for the diffusion of of phosphorus in to the iron o a r t i c l e s . The 
diffusion of phosphorus from the l iquid phase in to the iron 
powder p a r t i c l e s r e s u l t s in a j radual reduction of »Tielt volune 
and a simultaneous p r e c i p i t a t i o n of so l id alpha i r o n . The time 
required for complete s o l i d i f i c a t i o n of the melt i s a function 
of both the phosphorus content and the annealing temperataro. 
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Llndskog (40) has found tha t s o l i d i f i c a t i o n of a 1.5/. ohosphorus 
al loy s in te red (annealed) a t l.:00°C i s complete in 15 seconds) . 
In the present case , s ince phosphorus i s l imited to J.6'. only, 
the time required for s o l i d i f i c a t i o n would be s t i l i s h o r t e r . 
Vhen a l l the l iquid phase has disappear:-d, the so l id-s ta t - -
diffusion of phosphorus in Fe-P side in e i t h e r -Uo or Nl con ta in in j 
couple continued from f e r r i t e re^jions (with up to 2,IA P at 
1200°C) towards aus ten i t e regions poor in phosphorus. In j ene ra i , 
both 0.3 and 0,6 >i P containing iron a l loy f a l l within s ingle 
^anuna and alpha phases r e spec t ive ly , almost complete homogeneity 
in mat-trials are expected to oe achieved. Ihe graph and tne 
micros t ruc tures (Figure 3,3b, 3,4b, 3,5b and 3,7) i na i ca t e vvell 
diffused s t r u c t u r e s . Durinj so l id s t a t e d i f f j s lon , the r.ite of 
mater ia l t r anspor t i s g rea t e r in compacts containing phosohorus 
than in pure i r o n . This i s due to the presence in the phosphorus-
iron of body centred cubic f e r r i t e at 1200°C (48) . Pure iron is 
aus ten i te at t h i s temperature and the r a t e of se l f -d i f fus ion i s 
about two orders of majnitude lower in aus ten i t e than in f e r r i t e . 
This seems to be the reason for hi jh mate r i a l t r anspor t from Fe-? 
side in case of Ni and t'fio containing couples (Figure 3.10) and 
also in case of copper containing couples but to l e s se r ex ten t 
(Figure 3 ,5b) , Further Doan and io lds te in (49; have deternined 
ternary phase diagram of Fe-Ni-P system and have concluded as 
follows s 
1). Ihe s o l i d i f i c a t i o n temperature of Fe-Ni al loys i s 
s i g n i f i c a n t l y decreased by as much as 600°C with the addi t ion 
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of phosphorus (0 .7 to 2.8 mass 'A) * in add i t ion , the l i q j i d 
react ion path in the Fe-Ni-P system occurs as follows : 
Liquid is f i r s t removed by a e u t e c t i c r eac t ion , in binary 
F t -P , Liq ^ ^ a + phosphide at 1040 + lO^C. As the temper-
ature decreases the n ickel content of the l iqu id increas :3 anc 
at IVXJO^C a four phase reac t ion a + l i q y^ ' ^ y + Ph occur-?. 
As temperature decreases below 1000°C, l iqu id i s continu:i i ly 
enricteed in n icke l and the f i n a l loss of the l iqu ic phase 
occurs oy a e u t e c t i c reac t ion l i q ^ "^ y •<• P^> at the binary 
Ni-P side of the diagram below 375*^0. 
2 ) . The addit ion of n ickel (O to 4 wt /.) to the Fe-P 
binary s ide of the te rnary increases the phosphorus content of 
the Y loop and pushes the y loop to lower temperature. 
3 ) . The a + Y + ?h f i e l d formed below 1000°C expands in 
s ize within the Isothermal sec t ions as temperature dec reases . 
The nickel content in a l l three phases Increases with decreasing 
tomperatur? below 800°C. The phosphorus s o l u b i l i t y in i and y 
decreases from 2 ,7 and 1.4 wt /. at 1000°C to 0.25 and 0. iS wt /. 
r e spec t ive ly a t the lowest temperature s tud ied , 550°C. 
4 ) , Tho addit ion of phosphorus to Fe-Ni g rea t ly chanjes 
the nuclea t ion and growth processes froni t ha t of binary Fe-i^i. 
Phosphorus contents of 0 .1 wt A or more allow the d i r e c t 
p r e c i p i t a t i o n of x ftom the parent y phase by th^ reac t ion 
Y ^ ^ - a + Y . The growth ra te of the a phase Is substan-
t i a l l y higher than t h a t predlcateo from the binary diffusion 
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c o e f f i c i e n t s , 
5 ) , Above 700°C, phosphorus decreases the minimum nickel 
content of the y phase (y / oc + Y boundary) over tha t of binary 
and increases the eMuilibrium transformation temperature of 
f o r r i t e over t ha t of the b inary . However, below 7(X)®C phosphorus 
reverates i t s ro le as an a s t a b i l i z e r and increases the n ickel 
s o l u b i l i t y range in y as well as decreasing the equi l ibr iam 
transformation temperature . 
In a fur ther s tudy, Heyward ana Goldstein (50) oeter-nined 
ternary diffusion coef i i c i e n t s in the a--bcc and y -fee phas >s 
of the Fe-Ni-P system and at four temperatures 12I.A},11'JJ, IJOO 
at 900®C, I t was oosorved tha t addit ion of P in both a and y 
phase increases the major ternary coeff ic i - ints upto as mucn as 
a f ac to r of ten a t one temperature. This was cons i s t en t vith 
the fac t tha t P lowers the mei t in j point of Fe-Ni in the ternary 
system, upto 500°C. 
All the above fac ts imply tha t addit ion of P to Fe-i^i 
systeTi increases diffusion c o e f f i c i e n t s . Our r e s u l t s also 
imply s imi l a r o'Dservation. For example, phosphorus addit ion to 
iron increased the diffusion dis tance (Figure 3 ,2b ; . I n t e r -
pene t ra t ion of i ron and n icke l in to each o the r i s confirmed 
through micros t ruc tures (Figure 3 . 9 ) . 
4.3 EFr^Cr OF CQPPiH OM IHON :. 
At a teapera ture of 1000 C, no l iqu id phase forms in 
e i t h e r p la in iron-Ou or phosphorus con ta in in j iron-Cu couples 
5^ 
and hence diffusion id i s t ances are r e l a t i v e l y small ( f i j a r e 3.1a 
and b j . 3y addi t ion of phosp'^orus, however, dis tance inc reas -s 
as already d iscussed . Diffusion coef f i c i en t also incre s-s with 
phosphoinis adoit ion (Table 4 , 1 ) . Increase in oiffusion c o e f f i -
c i e n t of Cu from copper side ismarginal since on copper side no 
phase chanje occurs . 
As fa r as the s i n t e r i ng mechanism in Fe-Cu or t-e-P-Ju 
system Is concerned, In case of Fe-Cu system, l iqu id ph^iso 
s t a r t s forming at 1083®C i . e . , melting point of copp-r but 
increasing the temperature of l i qu id phase formation to lOJA^C 
p e r i t e c t i c a l ly by d i s so lv in j i ron . This means tha t e f fec t ive 
l iqu id phase s i n t e r i ng in Fe-P-C premix, due to copper, s t a r t s 
l a t e r as cono^rd to tha t due to phosphorus alone since the 
eu t ec t l c temp-irature of the binary Fe-P system i s lJ40 i lu*^C. 
v'.hiie reaching t h i s temperature during h e a t i n j , the a- iron must 
have oeen transformed t.) y - i ron , which with phosphorus 
d i s so lu t ion again ravsrses to a -form, and also gives r i s e 
to the emergence of l iqu id phase, i ron p a r t i c l e s in the v i c i n i t y 
of copper p a r t i c l e s gc-ts s t a b i l i z e d in to y phase contrary to the 
behaviour of phosphorus. Vith increase in temperaturo, the 
l i q j i d phase s t a r t s d issolv ing into iron p a r t i c l e s ana i.nparts 
dens i f i ca t ion by so lu t ion and r e p r e c i p l t a t i o n mechanism; t i l l 
the melting point of copper (1033°C) i s reached, when l iquid 
copper appears, whose melting point i s ra ised fur ther to 
p e r i t o c t i c te.aperature, 1094°C by iron d i s so lu t ion in copper 
(4 at ft r e ) . Th9 new l iqu id phase gives r i s e to swelling ef foct 
by penet ra t ion of the melt between iron p a r t i c l e s as well as 
54 
between grain boundaries and d i ffusion of copper in to th- iro/-
p a r t i c l e s (mainly in y s ince s o l u b i l i t y of copp?r in a i s 
i n s ign i f i can t} as well as in to gra ins along the grain boundaries . 
As the amount of y (Fe-Cu) i s too low, because of a - i ron 
s t a b i l i z a t i o n by phosphorus, the con t r ibu t ion of ciiffusion on 
s'wvellin]i i s r a t he r minimal. As a matter of f ac t Kaysser t ai 
(31) a f te r de t a i l ed model s tud ies on pure Fe-Cu powder comp tc ts , 
have es tab l i shed tha t the con t r ibu t ion on swelling by ii.;aic; 
blow i s about 60-A while by diffusion i t i s 40^, i t can be seen 
tha t in case of Fe and PNC60 powder compacts a f t e r compacting 
at s imi l a r pressures t o t a l poros i ty are more or l ess same in 
green condi t ion (Figure 3 , 6 ) . After s i n t e r i ng at 1200°C, pores 
are reduced and get spheroidized as well as i so l a t ed (.Fijjre 3,7}, 
After s i n t e r i ng at llOO^C, Fe~0,6 P-4 Ju compact shows almost 
uniform d i s t r i b u t i o n of phosphorus due to high diffusion coe f f i -
c ien t of phosphorus ( fable 4,1) and free copper p a r t i c l e s 
(Figure 3,3) which has s o l i d i f i e d a f t e r l iquid phase formation. 
4 ,4 :FFf.CT OF NlJ^^uL ON IHQN ; 
S l i gh t l y l a rge r di f fus ion dis tance in Fe-t^i or i^iiJ-Ni 
couples are due to higher diffusion annealing temperature of 
1200®C (Figure 3,2 and 3 , 3 ) , This fac t i s confirmee; by 
diffusion coe f f i c i en t s ca lcu la ted from graphs (fable 4.1) ano 
from micros t ruc tures (Figure 3,9) which show wavy and i l l oefined 
diffusion zones, However, higher amount of phosphorus incrv.ases 
diffusion coe f f i c i en t wnich is evident through micros t ructure 
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(Figure 3 , )c) which shows less anci rounded pores on iron side 
of the couples . Effect of phosphorus on phase s t a b i l i t y and 
diffusion coe f f i c i en t has already been discussed in sec t ion 
4 . 1 . 
In case of iron nickel system, y phase forms at aoout 
340°C or at lower temperatures , which remains s t ab le upto i390°C 
( 2 ) , Thus, a t the diffusion temperatures of 12o:3°C, usee in 
the presen t i n v e s t i g a t i o n , n icke l forms with iron y so l id so lu t ion 
throughout i t s range. I t should be noted, however, t h a t curing 
s i n t e r i ng under such cond i t ions , l iqu id phase aoes not occj r 
unl ike the case with phosphorus or copper addit ion (52) , This 
fac t makes the di f fus ion of n icke l in to iron much more d i f f i c u l t . 
Higher dif fusion coef f i c ien t s obtained in t h i s i nves t iga t ion 
i . e . 5 X 10"^^ to 2 .5 x lo"® Cra^/Sec for Fe-Ni and PNC60-Mi 
-12 system do not agree witn e a r l i e r reported works of 6 x 10 
2 
Cm /Sec (47) , The reason seems to be porous samples used in 
the present i nves t iga t ion as compared to t h a t used in e a r l i e r 
s tudies (47) , I t has been reported tha t d i f f u s i v i t y of an 
element in powder compact i s h i jhe r as co.;ipared to tha t i * 
the so l id metal (36 ) . I t has buen sjggested (47) tha t there 
are two ways of resolving the problem of s i n t e r i ng of Fe-Ni 
system v i z . increasing the degree of homogeneity of higher 
s i n t e r i n j te.nperature and prolonged s in t e r i ng perioo or by 
adding a f e r r i t e s t a b i l i z i n g element. The f i r s t choice is 
r e s t r i c t e d due to economic cons idera t ions and p r a c t i c a l l i m i t -
a t i o n s . The second choice gives b e t t e r dens i f i ca t i on due to 
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higher diffusion coe f f i c i en t s ( i ab le 4.1) which i n d i r e c t l y 
agrejs with f indings (49, 50 ) , During s i n t e r i n g an increase 
in dens i f i c a t i on of upto 1 wt /. Ni-containing iron compacts 
occurs due to higher d i f f u s i v t t i e s of n ickel in i ron-2 or 4/. 
n ickel a l loys as compared to t h a t in p la in iron (23) . I t i s 
reported t h a t i n t r i n s i c d i f f j s i v i t i e s of iron and nickel in 
F e ^ i a l loys increase with increasing n icke l concentra t ion 
(24, 3 7 ] . Higher d i f f u s i v i t y of elements in PNC-Ni couples 
( t ab le 4,1) i s in agreement with e a r l i e r r e s u l t s (39, 5 j ; . 
4.5 EFFECT OF M0LY3DENJM ON IRON t 
Diffusion coe f f i c i en t s obtained in the present i n v e s t i -
gation (Table 4,1) and Figure 3,4) are genera l ly in agr ement with 
e a r l i e r reported works (26, 39) , Both the elements , ;vio and ? are 
ferritt.- s t a b i l i s e r s and diff j s ion in the present case at the 
junct ion occurs in the more open f e r r i t i c phase, uniform micro-
s t ruc tu r e s with well defined grain boundaries .vould oe rea l ized 
(Figure 3 ,10c) , Such well defined grain boundaries and clean 
s t ruc tu re are absent in PNC30-;4o (Figure 3.10b) or Fe-i.b couples 
(Figure 3 ,10a) . 
So fa r the s i n t e r i ng in Fe-P-Mo system i s concerned, 
because both P and Mo are f e r r i t e s t a b i l i z e r s of i ron , they 
produce addi t ive e f fec ts on densif i ca t ion and mechanical, proper-
t i e s . 1200 C seems to 5e more than enough as s i n t e r i n g tempera-
ture for imparting b e t t e r s in te red p r o o e r t i e s . Apart from 
d i f f u s i v i t y e f f e c t , another f ac t which adds to the b e t t e r 
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s l n t e r a b i l i t y of phosphorus in I ron i s t h e p re sence of l i a id 
phase which was e v i d e n t through m i c r o s t r u c t u r e s (F igu re 3,10b 
and c) • 
4 . 6 DXSTrilB'JTXON OF ALuQYXNG /.LtIiV£NT3 : 
C o n c e n t r a t i o n p r o f i l e s of phosphorus in a l l the d i f f u s i o n 
systems s t ud i ed ( F i j u r e 3,1b t o 3,4b) a re g e n e r a l l y snooth which 
prove t h a t phosphorus forms s o l i d s o l u t i o n with i r o n . The 
abnormally h igh d i f f u s i o n c o e f f i c i e n t of P in iVio-PNC60 coup les 
(Table 4 , 1 and F igu re 3,4b) see ..s to be due to comple te ly 
f e r r i t i c s t r u c t u r e on i r on s i d e of the c o u p l e s , 3o f a r the 
most conmon a l l o y i n g e lements in high s t r e n g t h s i n t e r e d s t e e l s , 
Cu, Ni and Mo are concerned , d i f f u s e r a t h e r s lowly a t the 
commonly used s i n t e r i n g t empera tu re s r e s u l t i n g in a heterocjenous 
a l l o y i n g d i s t r i b u t i o n in the s i n t e r e d s t e e l u n l e s s f u l l y pre a l loyed 
powders are used (F igu re 3 , 5 , 3 ,9 and 3 , 1 0 ) , before g iv ing some 
examples of a l l o y i n g d i s t r i b u t i o n in d i f f e r e n t m a t e r i a l s i t must 
be emphasized t h a t f u l l homogeneity i s n o t always b e t t e r than a 
he te rogenous a l l o y i n g d i s t r i b u t i o n . However, s tudy of d i f f u s i o n 
c o e f f i c i e n t s of v a r i o u s a l l o y i n g e lements in porous bod ies i s 
s i g n i f i c a n t i n o r d e r to c o n t r o l and p r e d i c t mechanical o r o p e r t i o s . 
I t i s n e e d l e s s to emphasize t h a t depending on the domanoL>. 
p r o p e r t i e s i t i s in many ca se s oenv?ficial wi th a p re t -e te r d n e o , 
he te rogenous a l l o y i n g d i s t r i b u t i o n w i t h i n the m a t e r i a l V 'D3; . 
In Table 4 , 2 the d i s t r i b u t i o n of e lements in d i f f e r n t 
m a t e r i a l s expressed as the U-va lues i s shown (O' i) , A l o v e r 
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U-value represents a more even d i s t r i b u t i o n than a higher one. 
I t i s ca lcu la ted from 750 values analysed by microprobe on a 
represen ta t ive surface of a polished sample of the ina te r ia l . The 
s t a t i s t i c a l concentrat ion d i s t r i b u t i o n so achieved i s compared 
to a hypothe t ica l very good al loying d i s t r i b u t i o n (55 ) . Conclusion' 
regarding both the e f f ec t of powder p roper t i e s and s in t e r ing 
process can be drawn from these va lues . The I r r egu l a r shape of 
sponge powder r e s u l t s In a b e t t e r d i s t r i b u t i o n of the al loying 
element than by using atomized powders (compare iC 100,26 f Nl 
and ASC 100,29 + N i ) , In the present I nves t i ga t i on , sponge 
Iron powd ?r grade NC 100-24 was used for Iron or Iron-r' s ide 
of couples and thus explains r e l a t i v e l y higher di f fus ion 
coe f f i c i en t and less heterogenei ty (Figure 3,1 to 3,4 and 
Figures 3 ,5 , 3,9 and 3 ,10) , The p a r t i a l l y preal loylng technique 
used for L l s t a i i o y grades r e s u l t s In mate r ia l s having a h l jhe r 
degree of hoaiogenelty than those made of p la in mixes, the -<-value 
for chromium In mate r ia l s made of 3C 100,26 > 0,3yi Ou t 1.5/^ Or 
s in te red at 1250*^0 Is very low. This extremely high oegree of 
homogeneity Is a r e s u l t not only of the h i jhe r s in t e r ing 
tertpcrature but also of the use of a newly developed chromium-
containing powder with very f ine Fe-Cr p a r t i c l e s (56 ) . 
I t can be confirmed from t s^ l e 4 ,1 and f igure 3.3 tha t 
X-ray Image of PNC45-4Cu compact s in te red at 1100*^0 shows t h i t 
Iron d i s t r i b u t i o n is qui te uniform which Is na tu ra l since 
matrix cons i s t s of Iron or f o r r l t l c phase. Copper d i s t r i b u t i o n 
i s also uniform which has a Q-value of 7 only . The d i s t r i b u t i o n 
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Table : Conten t d i s t r i b u t i o n expressed as the ^ - v a l u e of 
^ •^ d i f f e r e n t a l l o y i n g e le iaents in v a r i o u s s i n t e r e t 
s t e e l s . S i n t e r e d 30 inin. a t 1120°C o r 1250°C. 
S i n t e r e d d e n s i t y 6 .9 -7 .19 /cm 
Q-value M a t e r i a l S i n t e r i n g 
(e lement ) Temp ^C 
165 ASC 103,29 ^ 2 >i Ni 1123 
(Ni) (Ni -met , 7 ^m F s s s ) 
120 SC 100.26 + 2 /• Ni 1120 
(Ni) (Ni-met , TMIU, F S S S ) 
65 D i s t a i i o y 3A 1120 
(Ni) 
10 D i s c a l l o y SA 1250 
(Ni) 
30 NC 100.24 + 3 /• Cu 1120 
(Cu) ( - 200 mesh Cu-met) 
7 NC 100.24 + 3 /• Cu 1120 
(Cm) ( b i s t a l l o y - Cu) 
3 SC LX).26 + 1.5 Cr 1250 
(Cr) (Cr -mas te r ) + 0 . 5 /. Cu 
<1 PxMC 45 1120 
(P) 
of phosphorus should also be s t i l l more uniform as oetermined 
by Q-value (Fable 4,1) and micros t ruc ture (Figure 3 ,6 ) , 
However, there i s some segregat ion of phosphorus a t loca l ized 
places as revealed by X-ray image. This i s perhapes due to 
l iqu id phase formation and r e p r e c l p i t a t i o n . 
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CONCLUSION : 
1 ) , Diffusion coe f f i c i en t of phosphorus in i ron i s h i j he s t 
among a l l the al loying ele.aents s tud ied , 
2) Phosphorus addit ion in iron s t a b i l i s h e s f e r r i t e and 
increases dif fusion c o e f f i c i e n t . 
3) Higher amount of phosphorus gives higher diffusion 
coe f f i c i en t for i ron and othar alloying elements . 
4) Phosphorus in i ron gives rounded and i so la t ed pores 
due to l iqu id phase s i n t e r i ng and f e r r i t e s t a b i l i z a t i o n at a 
s in t e r ing temperature of 1050®C or h igher . 
5) r i f f u s i v i t y of iron and molybdenum increases to a 
s i g n i f i c a n t level when iron conta ins phosphorus as comoared to 
tha t of iron and nickel in P containing iron couples . 
6) r i f f u s i v i t y of copper i s very low because of lower 
annealing temperature used. 
7 ) . iflfhen phosphorus i s added to i ron , d i f f u s i v i t y of 
i ron incireasGs but d i f f u s i v i t y of copper i s hoardly affected, 
3 ) , Diffusion of various elements in porous s in te roc 
compacts are much higher as compared to tha t in s o l i d , non-
porous samples. 
9 ) , /.brphology of the pores and whether the pores are 
I so la ted o r Interconnected, also a f fec t diffusion coe f f i c i en t 
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of the atoms. Hence more systematic detailed and exhaustic 
work on diffusion coefficient of the various atoms keeping 
as may variables as possible constant is required. 
10), Apart from phase stability effect of alloying 
elements, size and nature of pores also affect diffusion 
coefficient in porous sintered alloys. Such factors becofae 
all the more important because of anisotropic nature of 
diffusion coefficient. Interpretation of sintered properties 
on the basis of diffusion data from solid body nay, sometimes give 
erronous result and hence diffusion data in porous samples should 
be generated. Thus more work on diffusion phenomena in sintered 
alloys is imperative in order to approach towards develo'ment of 
theoretical model for sintering. 
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